In this work, two fully-textile wearable devices, to be used as chipless identification tags in identification and tracking applications are presented. For the fabrication of the fully-textile tags, a layer of fleece was used as a substrate, while an adhesive non-woven conductive fabric was employed for the conductive parts. To allow radio-frequency identification of these chipless tags, two alternative techniques were used. One relies on associating a binary code with the resonance frequency of resonant devices: the presence/absence of the resonance peaks in the transmission scattering parameter, |S 21 |, of a set of resonators is used to encode a string of bits. The second technique for accomplishing radio-frequency identification of the chipless tags resorts to a frequency-shift coding technique, which is implemented by modifying the configuration of a hairpin resonator. The obtained numerical and experimental results confirm the suitability of the proposed strategies for obtaining entirely-textile, wearable chipless tags for identification and tracking purposes, which can be particularly useful, especially in the industrial sector. In this field, in fact, the proposed solutions would guarantee a seamless integration with clothes and would facilitate the user's interaction with the IoT infrastructure. In this regard, one of the envisaged application scenarios related to the tracking of hides in the leather industry is also presented.
Introduction
The Internet of Things (IoT) relies on smart environments, equipped with wireless sensor networks [1] and synergistic personal area networks [2, 3] , in which the user must be uniquely identified, while he/she interacts with the IoT infrastructure. One challenge, however, still remains the need to facilitate a seamless integration of IoT solutions with the surrounding context [4] [5] [6] , and especially with people. Because clothing can be adapted to everyday life, wearables (combined with smart textiles) are arguably the best candidates to facilitate this process, possibly becoming the next interface between the real and the digital world [7] . As a result, the development of wearables that could allow to effectively engage the user into the IoT sensory environment without compromising their comfort has become a major interest of applied research [8] [9] [10] . Nevertheless, despite its potential, the use of
Design and Fabrication of Two Fully-Textile Tags
Two fully-textile chipless tags are presented, each employing a different encoding strategy for accomplishing radio-frequency identification without electronic chips. One solution is to employ a multi-resonator device and to consider its transmission scattering parameter (S 21 ): the presence/suppression of the resonant behaviour of each single resonator could be associated to a logic '1' or '0' (resonance-based coding). Another alternative, investigated with the second structure, is to resort to a frequency-shift coding technique. In this case, the geometry of a resonator is modified to shift its resonance frequency ( f res ): hence, each f res value can be associated, for example, to a string of bit or to an identification code.
Materials
To guarantee integration with clothes, only fully-textile materials were considered. A 1 mm-thick bi-layer of fleece was used as a substrate. For designing the prototypes, it was necessary to assess the value of the relative dielectric permittivity of fleece, ε r, f , to be used in the full-wave simulations. To this purpose, an iterative procedure was carried out. In particular, several rectangular patch antennas using the fleece as a substrate were designed (assuming tentative values for ε r, f ), fabricated and characterized. The differences between the expected performances and the actual ones were used to determine, iteratively, the optimal value of ε r, f to be used for the successive full-wave simulations. The obtained value for ε r, f was 1.18.
For the conductive parts, a 0.11 m-thick non-woven conductive fabric (NWCF) was used (electrical conductivity approximately equal to 2.27 × 10 5 S/m). This NWCF, which is made of nickel and copper, is manufactured by Saint Gobain company [27] .
Fully-Textile Tag Relying on Resonance-Based Coding
The idea at the basis of resonance-based coding is to associate the presence of the resonance in the S 21 of a microwave resonator, for example, to a logic '1'. Likewise, the suppression (or absence) of the resonance could be associated to a logic '0'. In this way, a multi-resonator structure with n resonators, would allow to have as many possible bits available [16, 28] . To demonstrate the feasibility of this strategy, a multi-stopband structure consisting of a 50 Ω microstrip line loaded by three resonators was designed, fabricated and characterized. The geometry and dimensions of the structure were optimized through full-wave simulations (carried out in CST Microwave Studio). Figure 1 shows a sketch of the three-resonator structure; it can be seen that the resonators are slotted in the ground plane of the microstrip line. The three resonators were designed so that each one would resonate at a different frequency ( f res1 = 2.1 GHz; f res2 = 2.4 GHz; and f res3 = 2.7 GHz). To analyze possible radiating effects caused by the slots in the ground plane, the far-field and the near-field behaviour of the proposed devices were analyzed through full-wave simulations. Figure 2 shows the results obtained for the far-field radiation patterns. In particular, for each resonance frequency value, the far-field radiation pattern of the device with the three slotted resonators was considered. It can be noticed that the radiated energy is negligible. As for the near-field effects, full-wave simulations were carried out to analyze the behavior of the electric and magnetic fields. Figure 3a ,b show the electric and magnetic fields, respectively, calculated at 2.1 GHz. It can be noticed that both fields decrease quickly with the distance. With regard to the design frequency, it is worth mentioning that, at the state of the art, there is not a standard that regulates the operating frequency of chipless tags. Some works have employed devices working in the 3.1-10.3 GHz frequency band [29, 30] . However, because the facilities in the availability of the authors were not suitable for fabricating devices in this frequency range, it was decided to design and fabricate tags with resonators working at lower frequencies, although close to the ones addressed in the literature. After optimizing the geometry and the layout of the first resonator (so that it would work at f res1 ), the dimensions were scaled so that the second and third resonators would resonate at f res2 and f res3 , respectively. The resulting dimensions are reported in Table 1 . Table 1 . Dimensions of the multi-stopband structure.
Parameter Dimension (mm)
The full-wave simulation results for the reflection scattering parameter, S 21 , corresponding to four configurations of the multi-stopband structure are shown in Figure 4 . For the sake of example, let us consider the |S 21 | curve where three resonant peaks are simultaneously present; this curve can be associated to the '111' code. On the other hand, the |S 21 | curve in which only the resonant peak at approximately 2.4 GHz is present (i.e., the resonance of the second resonator) can be associated to the '010' code. Similar considerations apply for the other |S 21 | curves. Basically, by considering the S 21 of the chipless device, it is possible to extrapolate the associated binary code. As can be observed from Figure 4b , also the S 21 phase changes depending on the presence/absence of the resonances. Figure 5 shows a picture of the back of the multi-stopband prototype device. The NWCF was shaped by using a cutting plotter (model CraftROBO CE5000-40 disributed by Graphtec). The adoption of NWCFs allows to reduce the manufacturing costs in comparison to solutions based on electro-textiles or conductive threads [24] [25] [26] . In fact, NWCFs are generally less expensive and, most importantly, they do not fray. 
Fully-Textile Tag Relying on Frequency-Shift Coding
The second encoding technique is based on frequency shift. Figure 6 shows the layout of the proposed resonant structure, which consists of a 50 Ω microstrip line loaded with an interdigital hairpin resonator (with eight fingers). Also in this case, to reduce the overall size of the structure, the resonator is slotted on the ground plane of the microstrip line. Indeed, a chipless tag based on interdigital hairpin resonant structures was proposed in the literature [31] . However, in [31] , each resonator was used to encode a single bit. On the other hand, in the proposed prototype, the data encoding is achieved through a selective removal of one or more fingers of the hairpin structure. Selectively cutting out the fingers leads to variation of the resonance frequency: hence, each configuration of the resonator may be associated to a different code. The resonance frequency can be varied within a pre-established frequency band (FB), which can be used as a design parameter. In turn, FB can be divided into different sub-bands, which can be referred to as resolution bands (∆ f ): when the resonance frequency falls within a pre-established ∆ f range, this can be associated to a specific identification code. The design values of FB and of ∆ f should be decided considering the following aspects:
• the dimensional resolution achievable with the available manufacturing process; and • the accuracy and frequency resolution of the measurement setup used to characterize the device [32] .
Often, the first aspect is the most stringent, especially when fabricating complex geometries.
On the basis of these considerations, for the prototype, the range 1.80-3.20 GHz was considered as FB, and the width of each resolution band was chosen approximately equal to ∆ f = 140 MHz. Table 2 summarizes the dimensions of the hairpin resonator, after optimization. Also in this case, the design was carried out through CST Microwave Studio. Figure 7 shows the results of the full-wave simulations. As aforementioned, each |S 21 | curve was obtained by selectively removing different fingers of the resonator. Each |S 21 | curve can be associated to a specific code (as shown in the figure). Figure 8 shows the prototype that was fabricated using the same materials and technique used for the multi-stopband structure. 
Experimental Characterization
The two devices were characterized experimentally through vector network analyzer (VNA) measurements of the S 21 . Measurements were performed by connecting the two ports of the tag to the two ports of the VNA R&S ZVA50, after short-open-load-thru calibration.
For the fully-textile tag relying on resonance-based coding, the S 21 was measured for all the eight configurations achievable with the three resonators. In practice, the suppression of one resonance (hence, a logic '0') is obtained by short-circuiting the resonator. In particular, a NWCF strip (dashed rectangle in Figure 1c ) was used to selectively short-circuit the resonators. Figures 9 and 10 show the measurement results for the magnitude and phase of the S 21 (results are grouped into different plots only to improve readability). The dashed vertical lines indicate the design resonance frequency values. Experimental results show a general good agreement with the numerical results reported in Figures 4a,b . With regard to the phase, in the '111' configuration, it can be noticed the typical phase variation associated to the three resonances.
Similar considerations apply to all the other seven configurations. The obtained results demonstrate the suitability of this technique for encoding data in chipless wearable devices. However, one limitation is that the number of bits is limited by the number of resonators (and, hence, by size constraints). Also for the hairpin resonator tag, the S 21 was measured with different configurations of the fingers. Figure 11 shows the measured magnitude of the S 21 . Also for this device, a general good agreement between the experimental results and the simulation results shown in Figure 7 can be observed. Figure 11 . Measurement results of the |S 21 | for the hairpin resonator. Figure 12a shows the difference between simulation results and measurement results for the multi-stopband structure in the '111' configuration. Differences between the design resonance frequencies and the measured ones (and of the corresponding |S 21 | amplitudes) are attributable to imperfections of the fabrication process. In particular, the prototype was fabricated on a 1 mm-thick layer of fleece obtained by sewing two 0.5 mm-thick layers. By analysing the prototype, it was observed that the hand-stitching led to a non-uniform thickness of the pile. Additionally, other imperfections were introduced by the cutting plotter used for shaping the conductive parts; in fact, the adopted plotter is more suitable for processing small areas. Another reason of the discrepancy may be attributed to a slight underestimation of the dielectric permittivity of fleece in the design phase. Figure 12b shows the comparison between measurement and simulation results for the hairpin structure in the configurations corresponding to '000' and to '100'. For the hairpin resonator structure, some differences between measurement and simulation results can be attributed to a slight underestimation of the material losses assumed in the full-wave simulations. Overall, frequency-shift coding allows to obtain a more compact size of the device with respect to resonance-based coding. 
Effect of the Environment on the Performance of the Devices

Effect of Bending
For wearable textile devices, it is important to consider possible variations of the performance caused, for example, by bending. In practical applications, the effect of bending or stretching could be limited by integrating the device on position of clothes which end up covering flat parts of the body (e.g., the upper chest). Another useful strategy is to verify, in the design phase, that the designed structure is robust towards bending. To this purpose, for the proposed prototype configurations, full-wave simulations were carried out considering the curved tag. Figure 13a shows the layout of the simulation for the curved multi-stopband structure, where the radius of curvature was set to 30 mm. Figure 13b shows the comparison between the magnitude of the S 21 with "bending" and with "no bending". Results show that there is a variation of the amplitude of the mimima peaks; nonetheless, the resonance frequency values remain approximately the same in the two conditions. Figure 13 . Multi-stopband structure: curved configuration (a) and simulation results of the magnitude of the S 21 with "bending" and with "no bending" of the structure (b).
A similar set of simulations was carried out for the hairpin resonator. The curved configuration layout is shown in Figure 14a . The simulation results for the |S 21 | with "bending" and with "no bending" are reported in Figure 14b . In this case, it can be noticed that there is a difference of approximately 20 MHz between the resonant frequency values of the two curves. This value, however, is within the limit that could cause ambiguity (i.e. the resolution band discussed in Section 2.3). The reported results suggest that, in practical applications, it is recommended to make sure that the resolution band guarantees unambiguity in the interpretation of results, even in presence of bending.
Finally, when dealing with wearable devices, it is also necessary to assess the performance variation that can be caused for example by the presence of clothing that covers the tag (e.g., a coat). To address this issue, full-wave simulations were carried out considering three cases: 5 mm of fleece covering the front of the device (i.e., covering the microstrip line); 5 mm of fleece covering the back of the device (i.e., covering the resonators); and 5 mm of fleece on each side of the device. Figure 15 shows the obtained results. For the multi-stopband device, results showed that, when both the front and the back of the device are covered with additional clothing, the resonance frequency values of the resonators change of, at worst, 80 MHz. This may cause ambiguity in the association of a resonance peak to a logic "1" or "0". However, to avoid such an ambiguity, it would suffice to establish a frequency band within which the resonance peak of a resonator must fall to be associated to a logic "1" or "0". Similar considerations can be applied for the hairpin resonator structure, as mentioned in Section 2.3. Figure 14 . Hairpin resonator structure: curved configuration (a) and simulation results of the magnitude of the S 21 with "bending" and with "no bending" of the structure (b). 
Performance of the Device in Contact with the Body
To assess the performance of the devices in the foreseen practical conditions, simulations were also carried out by considering the device in contact with the human body. For this purpose, additional simulations were carried out using a numerical human phantom, called Duke (developed by IT'IS Foundation). This phantom, which was developed with a resolution of 0.5 mm, is anthropomorphically shaped and loaded with tissue simulating materials. For the simulations, the Duke phantom was imported in CST Microwave Studio. Figure 16 shows the configuration considered in the simulations. The textile device is placed on the chest of the phantom, following the natural curvature of the body. In particular, the front of the device (i.e., the microstrip) is placed in contact with the body, while the resonator faces the air. Figure 17a shows the |S 21 | results for the multi-stopband structure in contact with the body (without fleece superstrate curve). The simulated configuration is the '111' configuration. It can be noticed that the performance of the device degrades. In particular, the resonance frequency values have shifted towards lower frequencies (as also confirmed by the phase results, not reported for the sake of brevity). Additionally, one resonance peak has completely disappeared. Such a performance degradation is due to the losses introduced by the direct contact of the tag with the body. Hence, to restore the performance of the device, it is necessary to avoid the direct contact with the skin. This can be accomplished, for example, by applying a superstrate of non-conductive material on top of the microstrip line. Using fleece as a superstrate also preserves the textile feature of the structure. The obtained simulation results demonstrate that by employing an additional layer of fleece between the microstrip and the body, the resonant behaviour is restored (with fleece superstrate curve of Figure 17a ). The same set of simulations was carried out also for the hairpin resonator structure. In this case, the hairpin configuration corresponding to the '000' code of Figure 7 was simulated. The obtained results are shown in Figure 17b . Also in this case, two simulations were carried out: with and without a layer of fleece placed between the chest and the microstrip line. Once again, the presence of the fleece layer restores the good performance of the structure. As a matter of fact, in view of practical applications, not only would the fleece superstrate restore the resonant behavior, but it would also have the beneficial effect of making more natural the person's sensation in wearing the textile device.
A Potential Application in Tracking Leather Products
One of the industrial fields in which these chipless devices may be particularly useful is for the tracing and tracking of upmarket fashion products. The traceability of the supply chain is necessary to guarantee the origin and authenticity of the product. Hence, it becomes crucial to develop innovative and industrializable technological solutions to allow traceability of goods throughout the production chain. In particular, in the manufacturing industry of leather products, tracking the origin of the finished product is still a major issue. This is because of the inherent fragmentation of the related supply chain. Indeed, the tanning process still remains the weakest link in the tracking of hides. This production phase is often outsourced, and hides are fraudulently replaced with poor quality leather. The tanning process completely changes the appearance of the leather obtained compared to raw leather; consequently, when the hides are sent to the tanning and return to the company, it is not possible to verify that the product that was received is the same material that was originally sent. Unfortunately, conventional tracking methods do not withstand the intensive mechanical and chemical processes (such as fleshing, depilation, etc.) of the tanning process. In such applications, the proposed wearable devices could be directly integrated with the hides, in order to resist to the leather manufacturing process. In particular, the leather could be used as a substrate for the chipless tag, while the conductive portions of the chipless device could be sewn on both sides of the leather. Alternatively, the conductive parts of the chipless tag could be made by tattooing conductive materials on the hide, which would make the chipless tag permanently embedded into the leather. Preliminary tests have proven that the tattoo resist the harsh tanning process [33] ; however, additional effort should be dedicated to achieving a good uniformity of the thickness of the tattoo and a good geometrical resolution so as to satisfy the high-accuracy geometry required in the fabrication of electromagnetic devices.
Conclusions
In this work, two fully-textile wearable chipless devices were designed, fabricated and characterized. The combined use of a layer of fleece and of an adhesive non-woven conductive fabric allows to obtain devices that are entirely textile. Additionally, by resorting to suitable encoding techniques (based on the frequency signature of the device), it is possible to accomplish radio-frequency identification, still avoiding the use of electronic chips. Multi-stopband devices are easier to be fabricated and implemented; still, the number of bits is limited by the number of resonators (and, hence, by size constraints). On the other hand, frequency-shift coding allows to obtain a more compact size. However, the results obtained for both the fully-textile prototypes confirm the suitability of these solutions for achieving a seamless and robust integration of wearables with clothes, thus making the proposed strategies particularly useful for a more effective involvement of the user with the IoT sensory environment. Funding: The present work was carried out as part of the activities of the research project titled "BENEFIT-BEnessere Nutrizionale e FIsico con Tecnologie indossabili (ENG: Wearable Technologies for Nutritional and Physical Well-being)", Grant no. T2ZQAU1, which was financially supported by the Regione Puglia, through the competitive Public Call "Avviso INNONETWORK-Sostegno alle attività di R&S per lo sviluppo di nuove tecnologie sostenibili, di nuovi prodotti e servizi."
